Background. At early stages of kidney development, the neural cell adhesion molecule (NCAM) is highly expressed on cells of the metanephrogenic mesenchyme. During maturation of the fetal kidney, NCAM gradually disappears. So far, it has been widely accepted that NCAM in the adult kidney is only expressed by nerves, and not by other cell types. Methods. NCAM expression was analysed in human adult healthy and diseased kidneys by immunohistochemistry and western blot analysis. NCAMþ renal interstitial cells were further characterized by double immunofluorescent staining using antibodies against neurofilaments, a smooth muscle actin, vimentin, a5b1 integrin, CD68, CD11c, HLA-DR and the potential progenitor cell markers CD34, CD117, CD133, CD24, nestin and cadherin-11. Results. In adult human kidneys, NCAM expression is restricted to rare interstitial cells with dendritic morphology, which are neurofilament-negative and predominantly localized on the corticomedullary junction. They are also negative for fibroblast cell markers, but co-express the haematopoietic stem cell markers CD34 and CD133. The number of NCAMþ interstitial cells increased in the initial phases of interstitial fibrosis. Western blot analysis of renal tissues with incipient interstitial fibrosis tissues showed the expression of the 140 kDa NCAM isoform. Conclusions. These data indicate that a rare subpopulation of NCAMþ interstitial cells could represent renal progenitors, and that NCAMþ interstitial cells can participate in the initial phase of interstitial fibrosis.
Introduction
The neural cell adhesion molecule (NCAM), CD56, comprises a family of cell surface sialoglycoproteins of the immunoglobulin superfamily. There are three major NCAM isoforms: NCAM 180 and NCAM 140 are transmembrane proteins with cytoplasmatic domains, whereas NCAM 120 is covalently attached to the plasma membrane via a glycerophospholipid anchorage [1] . NCAM is involved in calciumindependent homotypic and heterotypic intercellular adhesion by homophilic binding to NCAM on other cells [2] and it is mainly involved in neuron-neuron and nerve-muscle interactions. In addition, NCAM represents a specific marker of neuroectodermal/ neuroendocrine differentiation [3] . It is also present on essentially all resting and activated natural killer (NK) cells and some NK-like T cells [4] .
During mammalian development, NCAM expression seems to be less restricted. It plays an important role in organogenesis not only of the brain, the muscle, the peripheral neural, neuroectodermal and neuroendocrine tissues, but also of several other organs including the kidney. During embryogenesis NCAM is expressed in the uninduced metanephrogenic mesenchyme at the early stage of kidney development [5] . It is still present on the condensing mesenchyme and the comma-and S-shaped bodies during early tubular development. Later, in mice, during tubular epithelial cell differentiation NCAM gradually disappears and remains on the surrounding mesenchyme up to the perinatal period [6] . However, to date, expression of NCAM has not been detected in healthy adult kidneys, except for nerves and interstitial nerve fibres.
In the present study, the NCAM expression in human renal normal tissues and renal tissues with interstitial fibrosis was investigated. We observed by means of immunohistochemistry for the first time that some rare interstitial cells of normal adult kidneys do express NCAM. Moreover, we also recognized that NCAMþ interstitial cells are increased in areas of incipient interstitial fibrosis. Therefore, the major goals of our present study were to further characterize the NCAMþ cells in the adult human kidney and to try to analyse NCAMþ cells during induction of interstitial fibrosis.
Subjects and methods

Renal tissues
Adult human renal tissues were obtained from five healthy organ donors that were not transplanted because of vascular abnormalities, and from seven 'normal' tissues adjacent to kidney tumours. Ten renal needle biopsies from patients with different diagnoses (three IgA nephropathy, two focal segmental glomerulosclerosis, one membranous glomerulonephritis, one rapidly progressive glomerulonephritis, one diabetic nephropathy and one amyloidosis), were also analysed. One part of each specimen was processed routinely for light-microscopical evaluation. The other part of the kidney samples was put into cell culture medium (RPMI 1640, Gibco, Eggenstein) immediately after removal, snap frozen and stored in liquid nitrogen. Five micrometre thick frozen sections cut from each tissue were fixed in acetone for 10 min, air-dried at room temperature for 1 h and then used for immunostaining.
In addition, paraffin-embedded tissues of five diseased kidney biopsies (two focal segmental glomerulosclerosis, two IgA nephropathy and one membranous glomerulonephritis) and of human fetal renal tissues at different gestation weeks (from 14 to 27) obtained from medically indicated abortions were immunohistochemically investigated.
Antibodies
For analyses of NCAM expression the monoclonal antibody (mAb) clone ERIC-1 [7] that detects the 120, 140 and 180 kDa isoforms of human NCAM (CD56, Ancell, Bayport) was applied. This antibody was also used for double immunofluorescence staining of NCAMþ cells and immunoblotting. For double immunofluorescence labelling of tissues, a panel of directly labelled monoclonal antibodies and several polyclonal antibodies was applied in addition to ERIC-1. Nerves were differentiated by a rabbit polyclonal antiserum against neurofilament (SAD2186, NatuTec, Frankfurt) and by a rabbit polyclonal anti-S100 antiserum (Ab-2, Calbiochem, Darmstadt). For the detection of renal interstitial fibroblasts/myofibroblasts, anti-vimentin mAb (clone V9, Sigma, Deisenhofen), polyclonal rabbit anti-a5 integrin antibody (Biotrend, Ko¨ln) and anti-a smooth muscle actin (aSMA) mAb (clone 1A4, Sigma) were used. Polyclonal rabbit antibody to CD68 (Santa Cruz Biotechnology, Heidelberg) and dendritic cell markers anti-CD11c (clone HL3, BD Pharmingen, Sandiego) and anti HLA-DR (L243, Santa Cruz Biotechnology) were applied also. The progenitor/stem cell markers on NCAMþ interstitial cells were analysed with CD34 mAb (clone AC136, Miltenyi, Bergisch Gladbach), CD133 mAb (clone AC 133, Miltenyi), CD24 mAb (clone 1B5, ImmunoTools, Friesoythe), a mAb against c-kit (CD117, clone 104D2, NatuTec), a rabbit anticadherin-11 antiserum (Acris Antibodies, Hiddenhausen) and a rabbit polyclonal anti-nestin (H-85, Santa Cruz Biotechnology).
Immunoperoxidase staining
In the present study immunoperoxidase staining was used on cryostat as well as on paraffin sections in order to correlate immunolabelling with specific antibody with precise histomorphological details.
For investigation of NCAM expression on renal tissues the EnVision TM staining method (DAKO, Hamburg) was performed on cryosections, followed by counterstaining with hemalaun (Merck, Darmstadt). All experiments included sections stained with undiluted supernatant of the mAb W6/32.HL (anti-HLA-ABC heavy chain) as positive control, and of the mAb W6/32.HK (inactive variant of W6/32.HL) [8] as negative control to exclude non-specific staining. Controls were also performed by omitting the first antibody. Paraffin sections of fetal kidneys and some biopsy specimens were treated by microwave for 3 Â 3 min at 400 W in citrate buffer (pH 6.0) after deparaffinization and dehydration and stained by the EnVision TM method. The slides were evaluated using the Zeiss Axiophot light microscope (Zeiss, Jena).
Immunofluorescence labelling of tissues
For the detection of NCAMþ cells in renal tissue, indirect immunofluorescent staining was also applied on frozen renal tissues. The tissue sections were incubated for 45 min with the mAb ERIC-1 (diluted 1:200) followed by Cy3 TM -conjugated goat anti-mouse antibody diluted 1:700 (Dianova, Hamburg) as a second antibody. Controls were performed in all experiments by omitting the first antibody and applying mAb W6/32HK as the first antibody [9] . False positive staining was eliminated by thorough comparison with control slides. Negative staining was easily estimated, since the kidney slides contain structures which are normally stained with corresponding antibodies, e.g. NCAM-nerves, CD34-endothelium, CD133-some tubular epithelium, aSMA-arterioles, etc.
For further immunomorphological characterization of renal NCAMþ cells, double immunofluorescence staining was performed. After fixation, the slides were first incubated for 1 h at room temperature with the mAb ERIC-1. Subsequently a Cy3 every fluorescence channel were taken and superimposed for the specific antibody staining as well as for each negative control labelling using the software AnalySIS from Soft Imaging Systems (Leinfelden-Echterdingen) as previously published [9] .
Immunoblotting
Protein extracts from normal kidney, kidney biopsies with incipient interstitial fibrosis, as well as renal cell carcinoma (RCC) tissue and cell lines as control, were obtained by incubating the cells or tissue specimen for 30 min on ice in extraction buffer containing 1% Triton-X100, 1% NP40, 1 mM CaCl 2 , 1 mM MgCl 2 , 150 mM NaCl and 50 mM TrisHCl pH 7.6. Proteins were separated on 10% polyacrylamide gels and transferred to nitrocellulose filters. Non-specific protein binding sites were blocked with 2% blocking reagent (Roche, Mannheim). The filters were probed for 1 h with primary antibodies against NCAM and subsequently washed for 15 min with PBS. Bound antibodies were detected by alkaline phosphatase-conjugated goat anti-mouse (DAKO), followed by colorimetric reaction with the Fast TM BCIP/ NBT system (Sigma).
Results
NCAM expression in fetal and normal adult kidneys
Immunoperoxidase staining of paraffin-embedded tissue of human fetal kidneys at the early stage of gestation revealed strong NCAM expression on cells of the non-induced and induced mesenchyme, as well as on epithelial cells of the comma and S-shaped bodies ( Figure 1A ). Later on during fetal kidney development, NCAM expression gradually disappeared from epithelial cells, but persisted on some cellular islands of medullary interstitium ( Figure 1B) .
Twelve adult human kidneys were investigated for NCAM expression on cryosections by indirect immunoperoxidase staining as well as by indirect immunofluorescent labelling. None of the analysed specimens revealed a staining on glomeruli or on tubuli with the antibody against NCAM. All kidneys showed strong staining signals of nerves and of interstitial nerve fibres. However, on higher magnification by light as well as by fluorescence microscopic investigation, we were able to identify single NCAMþ interstitial cells which were clearly identified by hemalaun or DAPI-stained nuclei as cellular constituents and not as nerves ( Figure 1C -E, F-H). These cells had fusiform ( Figure 1C and D) or dendritic morphology ( Figure 1E ), with elongated nuclei ( Figure 1G and H) and usually displayed cytoplasmatic protrusions ( Figure 1C and F). They were very rare and predominantly located in the interstitium at the corticomedullary junction. The number of these rare cells varied from 0 up to 10 cells per tissue slide and also differed from kidney to kidney as well as from section to section of the same kidney.
Phenotyping of NCAMþ interstitial renal cells
In order to exclude nerves as the exclusively NCAMþ structures in adult kidneys, we performed double immunofluorescent labelling with antibodies against NCAM and neurofilament, including DAPI. Renal interstitium contains single NCAMþ cells which are labelled only with the antibody against NCAM (Figure 1J ), in addition to nerves which are labelled with both antibodies (Figure 1I) .
The first aim of our study was to identify expression of some dendritic cell markers such as CD11c and HLA-DR on NCAMþ cells. There was no overlapping between these markers and NCAMþ cells.
For further immunomorphological characterization of NCAMþ interstitial cells, the renal tissue was labelled by double immunofluorescent staining with antibodies against marker molecules of hematopoietic stem cells (CD133, CD34, CD117), with antibodies against some potential renal progenitor markers (CD24, cadherin-11 or nestin) or with antibodies that could define renal interstitial fibroblasts/myofibroblasts (vimentin, a5b1 integrin, aSMA).
Strong CD133-PE labelling was found on some tubular epithelial cells ( Figure 2B ). Interestingly, we could also observe that some, but not all NCAMþ interstitial cells were also positive for CD133, according to yellow-orange stained cells observed in the merged pictures (Figure 2A-C) . Using the horizontal intensity profile measurement function of AnalySIS software, we obtained strong peak signals for both the green and the red channel at the level of the measured NCAMþ cell, clearly indicating that this cell co-expressed both antigens (Figure 2A ). In the double staining shown in Figure 2B , a NCAMþ nerve could be clearly differentiated from a NCAMþ interstitial cell which co-expresses CD133. An additional subpopulation of NCAMþ renal interstitial cells was also observed, which did not express CD133 simultaneously (data not shown).
We further analysed the expression of CD34 on NCAMþ interstitial cells. In adult kidneys, antibodies against CD34 labelled almost all endothelial cells, as expected ( Figure 3F ). In addition to endothelial cells, some rare renal interstitial cells co-expressed NCAM and CD34, as can be seen in Figure 3A . Using AnalySIS, the common peak for the green and the red fluorescence channel was obtained at the level of the measured NCAMþ renal interstitial cell, confirming that this cell expressed CD34 antigen, too ( Figure 3A) .
As further potential progenitor markers, CD117 and CD24 were also analysed. There was no crossreactivity with NCAMþ cells, since both antigens were completely absent from renal tissue. Although cadherin-11 was expressed by mesangial and certain interstitial cells, no overlay was detected with cells positive for NCAM. Nestin revealed strong positivity on some cells in glomeruli without any positivity in the renal interstitium, and therefore no 1560 J. Markovic´-Lipkovski et al.
overlapping was present. We were also not able to observe any co-expression of NCAM with antibodies against aSMA, vimentin, a5b1 or CD68 on renal interstitial cells. By immunoblotting we tried to verify the presence of NCAM in normal renal parenchyma. However, due to the low abundance of NCAM in adult kidneys, no signals for NCAM could be detected in lysates from normal renal tissue (Figure 4, lane 1) .
NCAM in kidneys with incipient fibrosis
Immunohistochemical analysis of NCAM expression in 15 renal biopsy specimens with mild interstitial fibrosis due to different diseases was performed. In comparison with normal renal tissues, usually a focal ( Figure 5A-C) , but sometimes also a diffuse ( Figure 5D ) increase of NCAM expression on interstitial cells was observed in 13 cases with incipient interstitial fibrosis. However, in two biopsies with advanced interstitial fibrosis, one due to amyloidosis and the other due to diabetes, no increase of NCAMþ interstitial cells was detected. Although the majority of the analysed cases with prominent NCAMþ interstitial cells also showed an increase of a5b1 integrin and aSMA in the interstitium, no overlapping expression pattern between these two molecules and NCAM was observed by double immunofluorescence labelling (data not shown). However, we did not observe an increased expression of CD133 or CD34 in the areas of the interstitium, where an increase of NCAMþ cells could be observed. By immunoblotting, anti-NCAM antibodies detected a specific band of 140 kDa ( Figure 4 , lane 2) in the renal biopsy specimens (the case shown in Figure 5D ) of an IgA nephropathy with mild interstitial fibrosis. Thus, the presence of NCAM could be confirmed by immunoblotting in the case where an increase of NCAM tissue staining was observed by immunofluorescence microscopy in small areas of interstitial fibrosis.
Discussion
It has been widely accepted that NCAM molecules are only expressed on nerves and nerve fibres, but not on parenchymal cells, of adult healthy human kidneys [6] . In the present study, however, precise immunomorphological analysis by light and fluorescent microscopy revealed additional conspicuous NCAMþ interstitial cells with characteristic dendritic morphology in normal kidneys. Using double immunofluorescence labelling with antibodies against neurofilaments and other markers for neural tissue, it was possible to clearly exclude nerves as exclusive NCAMþ structures in renal tissue. Rare renal interstitial cells expressing NCAM with cytoplasmatic extensions and elongated nuclei, which also stained positively for markers of early hematopoietic progenitor cells, were predominantly found at the corticomedullary junction. Although conspicuous and individually localized with long protrusions, these cells could easily be overlooked or misinterpreted as interstitial nerve fibres. In the present study, we were able to notify by immunoblotting and immunomorphology an increase of NCAMþ renal interstitial cells in kidneys with incipient interstitial fibrosis.
A small subpopulation of renal interstitial cells does express NCAM. It could be speculated that these cells are remnants of the embryonic metanephric mesenchyme. In fetal kidneys, the metanephric mesenchyme from which all renal cells with the exception of collecting ducts originate, strongly expresses NCAM molecules [5] . Later on in embryonic kidney development, during conversion of mesenchymal cells into polarized epithelia, NCAM gradually disappears from developing tubuli, but remains to be present on surrounding stromal cells up to the perinatal period. In postnatal renal development, NCAM is almost completely lost from the stroma [6] . Only some solitary conspicuous cells continue to express this molecule in the renal interstitium as shown in the present study. It has been published by Oliver et al. [10] that the metanephric mesenchyme contains embryonic renal stem cells that could develop into all kidney cell types including endothelial, epithelial and stromal cells. These embryonic renal stem cells express NCAM, and it could be speculated that undifferentiated mesenchymal renal cells, which express NCAM and might represent renal progenitors, still persist in the adult human renal interstitium.
Since the NCAMþ renal cells have clear dendritic morphology, the first issue of our study was addressed to DC markers such as CD11c and HLA-DR. Although there was a certain amount of HLA-DR-positive cells in the interstitium, especially with incipient fibrosis, there were no coexpressions of these markers. Further immunophenotyping of NCAMþ cells revealed that these cells were negative for fibroblast cell markers such as vimentin a5b1 integrin, and progenitor cell markers CD117, as well as CD24, cadherin-11 and nestin which have been proposed to characterize murine renal progenitor cells [11, 12] .
However, in the intact renal interstitium, NCAMþ renal cells could co-express CD34 or CD133 antigens. CD34 is known to be present on most endothelial cells [13] , but also on some cells belonging to the interstitium. However, not all interstitial cells that express CD34 share NCAM expression as shown in this study. In the healthy renal interstitium, NCAMþ and CD34-negative cells and vice versa CD34þ and NCAM-negative cells exist, including cells expressing both antigens. CD133 has been reported to be expressed on certain tubular epithelial cells in adult kidneys [14] . In addition, we found expression of CD133 on some NCAMþ interstitial cells. All these NCAMþ interstitial cells were variably present in different normal kidneys. Although a variety of exciting reports have confirmed that bone marrowderived cells could be involved in the maintenance and repair of almost all compartments of the kidney [15] [16] [17] [18] [19] , the existence of adult kidney progenitor cells is not excluded. There is evidence for the presence of resident stem cells in the niche of papilla in adult mice [20] . Interestingly, these cells could acquire a dendritic appearance in a cell culture showing similar morphological characteristics as the NCAMþ cells we detected in human renal tissue. Also in other organs, NCAM has been shown to be expressed by cells which seem to belong to the local organ-specific progenitor/stem cell pool such as human liver oval cells [21] or craniofacial muscle-derived cells [22] . Resident stem/progenitor cells of different human adult organs are known to express haematopoietic stem cell markers such as CD34, CD117 and CD133 [21] [22] [23] [24] . Thus, it might be possible that the NCAM/CD34 or NCAM/CD133 molecule combinations might indicate the local progenitor cell type of the human kidney [25] . Recently, CD133þ renal progenitor cells with limited selfrenewal capacity and capability for differentiation into epithelial and endothelial cells have been isolated from the adult human kidney [26] .
Under normal circumstances, NCAMþ interstitial cells are very rare, but during certain pathological conditions their number could increase. We particularly noticed an increase of NCAMþ interstitial cells at the early phase of interstitial fibrosis due to different forms of glomerulonephritis. In addition, in experimental acute renal failure investigated by Abate et al. [27] , the interstitium adjacent to the NCAMþ recovering tubular epithelium also showed a transitional significant increase of NCAMþ cells. As in early kidney development, an increased NCAM expression could be an indication of different remodelling processes during kidney diseases. NCAMþ interstitial cells might participate in the phases of kidney repair and also in interstitial fibrosis as an undesired result of the healing processes. Renal interstitial cells, expressing aSMA and a5b1 integrin as a receptor for fibronectin which might regulate cell-matrix interactions, have been supposed to be involved in the development of interstitial fibrosis [28, 29] . Although there was clear evidence for an increased number of aSMA and a5b1 integrin-positive renal interstitial cells in the corresponding area of interstitium with increased NCAM expression, no overlap between NCAM and the expression of these molecules was detected. An increase of CD34-positive renal interstitial cells in areas of fibrosis due to glomerulonephritis, including those investigated in the present study, has also been reported [30] . Unfortunately, we were not able to detect any increase of CD34-or CD133-labelled cells in the area with mild fibrosis where interstitial accumulation of NCAMþ cells was observed. That could indicate a dynamic pool of renal interstitial cells in normal and diseased kidneys.
Our present results clearly show that a small subpopulation of kidney interstitial cells expresses NCAM and these cells might be renal progenitors.
